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Abstract 

In this paper, we analyze both the rate of convergence and the performance of a matched-filter 
(ME) precoder in a massive multi-user (MU) multiple-input-multiple-output (MIMO) system, with the 
aim of determining the impact of distributing the transmit antennas into multiple clusters. We consider 
cases of transmit spatial correlation, unequal link gains and imperfect channel state information (CSI). 
Eurthermore, we derive a ME signal-to-interference-plus-noise-ratio (SINR) limit as both the number 
of transmit antennas and the number of users tend to infinity. In our results, we show that both the rate 
of convergence and performance is strongly dependent on spatial correlation. In the presence of spatial 
correlation, distributing the antennas into multiple clusters renders significant gains over a co-located 
antenna array scenario. In uncorrelated scenarios, a co-located antenna cluster has a marginally better 
mean per-user SINR performance due to its superior single-user signal-to-noise-ratio (SNR) regime, 
i.e., when a user is close to the base station (BS), the links between the user and all transmit antennas 
becomes strong. 


I. Introduction 

It is well known that increasing the number of antennas at the base station (BS) can result 
in large increases in data rate, reliability, energy efficiency and reduced inter-user interference 


Ifn . Consequently, massive multiple-input-multiple-output (MIMO) is being investigated as an 
emerging teehnology [fTI- lfT^ . where the number of antennas is sealed up by many orders 
of magnitude relative to systems today. Performanee benefits from sueh a large number of 
antennas inelude an improvement in radiated energy effieieney of 100 times [[T]| relative to single¬ 
antenna, single-terminal systems. In BU, the authors demonstrate that using linear proeessing 
at the transmitter you ean aehieve a speetral effieieney improvement of up to two orders of 
magnitude while simultaneously improving energy effieieney by three orders of magnitude. 

The analysis of preeoding teehniques for massive MIMO has been the subjeet of a number of 
studies sueh as [|3, [|4||, BUl, [fTTlI . lfT3ll . IfTTlI . IfT^ . Conjugate beamforming (BF) (matehed 
filter (MF)) and pseudo inverse BF (zero foreing (ZF)) preeoding methods were eonsidered 
in eomparing speetrum effieieney with radiated effieieney. In lfT3ll . eapaeity expressions 
were derived for maximum ratio transmission (MRT) and ZF teehniques, ineluding seenarios 
with ehannel estimation imperfeetions. Channel state information (CSI) imperfeetions were also 
eonsidered in lfT^ - [[T71 . In [fT3]| . the authors propose a BF training seheme to aequire CSI by 
means of short pilot sequenees while maintaining a low ehannel estimation overhead. The effeets 
of ehannel aging on CSI in massive MIMO systems were looked at in ifTTll . where the authors 
derive aehievable rates for uplink (UL) and downlink (DL) when ehannel aging effeets, modeled 
using a first order autoregressive proeess, were eonsidered for MF preeoders. The paper eompares 
aehievable rates of perfeet CSI, aged CSI and predieted CSI. 

As the ehannel matrix dimension beeomes large, the analysis of massive MIMO systems is 
aided by random matrix theory asymptoties. The effeet of inereasing array size has been the 
subjeet of a few studies, e.g., Q, IfT^ . In Q, the authors eonelude that effeets of random matrix 
theory are observable even for arrays of 10 antennas, although the desirable properties of an 
“infinite” number of antennas are more prominent at 100 antennas and above. The eonvergenee of 
random matrix theory asymptoties is shown via simulation in IfTOll . as the number of BS antennas 
is inereased. [fT9ll eoneludes that the number of antennas required to aehieve equal singular values 
is well over 10^. Praetieal simulations, in IfT^ . provide measurements in residential areas with 
128 BS antennas, whieh shows that orthogonality improves for an inereasing number of antennas, 
but for a system with two single-antenna users, little improvement beyond a 20 antenna element 


array is seen. 

In adding more antennas to a fixed array size, distanees between adjaeent elements are 
redueed. In a massive MIMO system, the effeets of inter-element spatial eorrelation are inereased 
dramatieally [I20ll - [|2^ . due to the signifieant reduetion in antenna spaeing. However, this eould 
be partially mitigated by dividing the antennas into multiple elusters whereby antenna spaeings 
per eluster inerease provided the overall form faetor remains the same as the eo-loeated BS ease. 
The primary aim of this paper is to analyse the performanee of a massive MIMO system by 
distributing the antenna elements into multiple elusters. Speeifieally, our motivation is analysing 
per-user MF signal-to-interferenee-plus-noise-ratio (SINK) as the number of antenna elements 
beeomes large. 

In this paper we analyze the MF preeoding teehnique in a distributed BS seenario. Our 
eontributions ean be summarized as follows: 

• We provide a system model for a massive multi-user (MU)-MIMO system whieh aeeounts 
for: distributed transmit antennas, unequal link-gains between users and antenna elusters, 
CSI imperfeetions, and transmit spatial eorrelation, from whieh we analyze the MF preeod¬ 
ing teehnique and derive analytieal expressions for expeeted per-user MF SINK. 

. We analyse the impaet of different numbers of antenna elusters on spatial eorrelation and 
expeeted per-user MF SINK. 

. We analytieally derive a limiting expeeted per-user MF SINK and show via simulation the 
eonvergenee of the instantaneous per-user MF SINK to this limit. 

The remainder of this paper is organized as follows. First, in Seetion|nl we deseribe the system 
model and assumptions. In Seetion Hill we derive the expeeted per-user MF SINK and the limit 
as the number of BS antennas and the number of single-antenna users inerease without bound, 
at a eonstant ratio. Then, in Seetion |IVl we present numerieal simulations and show the impaet 
of distributing the antennas into multiple elusters. The majority of the mathematieal derivations 
are ineluded in the Appendiees. 


II. System Model 


A. Precoding 

We consider a massive MIMO DL system with a total of M transmit antennas divided equally 
among N BSs (antenna clusters), jointly serving a total of K single-antenna users. At each BS 
the ^ antennas are assumed to be arranged as ^ pairs of cross-polarized (x-pol) antennas. We 
assume time division duplex (TDD) operation with UL pilots enabling the transmitter to estimate 
the DL channel. On the DL, the K single antenna terminals collectively receive the K xl vector 

X = -h w, (1) 


where pf is the transmit signal-to-noise-ratio (SNR), s is an M x 1 precoded data vector and 
w is a if X 1 noise vector with independent and identically distributed (i.i.d.) CAA(0,1) entries. 
The transmit power is normalized, E [||s|p] = 1, i.e., each antenna transmits at a power of 
The M X K channel matrix, G, is given by 


G 










( 2 ) 


where G with i.i.d. CA/'(0, 1) entries, is the channel vector between the kth user 

and the nth BS, corresponding to small-scale Rayleigh fading. I3n,k is the link gain coefficient, 
modeling large-scale effects for user k from BS n, while Rt is the spatial correlation matrix at 
each antenna cluster, assumed equal for all BSs. 

In this paper, we consider the convergence scenario where if, M —)■ cxo with a fixed ratio of 
a = ^, where cases of iV = 1,2 and > 2 are examined. Note that although we consider 
finite N, the analysis can also be extended to the case where N ^ oo. 


B. Link Gain Model 

With distributed users and distributed antenna clusters the link gains, /3„ fc, in a real system 
will all be different due to variations in path-loss and shadowing. In this paper, we have two 




areas of interest: massive MIMO performanee and eonvergenee. Henee, we model the link gains 
in two different ways. 

1) Statistical Link Gain Model: Here, we adopt the elassieal model where users are dropped 
at random loeations in a eireular eoverage area served by the antenna elusters. The link gains 
are then generated assuming i.i.d. log-normal shadow fading and distanee based path-loss. Sinee 
eaeh drop generates substantially different link gains, this model is not ideal for investigating 
eonvergenee as the link gain variations may eonfound the limiting effeets. However, the model 
is useful for simple generation of arbitrary system sizes and ean be used to investigate massive 
MIMO performanee for a widely aeeepted link gain model. Finally, the limiting results ean 
be eompared to the SINK of an individual drop to evaluate the aeeuraey of the limit as an 
approximation to a partieular massive MIMO system. 

2) Limiting Link Gain Model: Here, we assume that the link gains between an antenna eluster 
and K users are drawn from a limiting link gain profile defined by I3{x) for 0 < x < 1. For any 
finite number of users, K, the link gains are defined by (3{{2k — 1)/2K) for k = 1, 2,..., iT. For 
the first antenna eluster, we use the model, I3{x) = /3max(/^min//9max)'^, where j3ram and /^^ax are the 
minimum and maximum link gains respeetively. This simple model also appears in |[T9l . |[24l as 
a way of eharaeterizing differing user link gains with a simple exponential profile and only two 
parameters. The resulting link gain profile is shown in Figure [T| under BSl. For simplieity, we 
also assume that the seeond eluster (BS2) has the same link gain profile. However, it is unrealistie 
to assume that the same users have the same link gains at both BSs. Henee, we eonsider three 
seenarios, labeled Profile 1, 2 and 3 in Figure [IJ In Profile 1, both BSs have the same profile to 
all K users. In Profile 2 the profiles for BSl and BS2 are reversed, so that a user with a strong 
gain at BSl has a weak gain at BS2. Profile 3 is an intermediate seenario where strong users 
at BSl are weak at BS2 and moderate users at BSl are strongest at BS2. This approaeh gives 
a limiting link gain profile as K ^ oo and allows us to investigate eonvergenee. However, it 
is tightly eonstrained by the ehoiee of (3 {x) and the Profiles in Figure [B Henee, it is awkward 
to eonstruet reasonable seenarios for more than two antenna elusters due to the proliferation of 
potential profiles and this approaeh is only used to illustrate eonvergenee for iV = 1 and N = 2. 



Fig. 1. Link gain profiles for a two BS scenario where (1), (2), (3)... (K) represent the users. 


C. Imperfect CSI Model 

The estimated ehannel matrix, G, in an imperfeet CSI seenario is given by [l25ll 

G = + y/1 - e'E, (3) 

where E is independent and statistieally identieal to G and o<e<i eontrols the aeeuraey of 
the CSI. 

D. Correlation Model 

As we inerease the density of the antennas in a cluster, the correlation among antenna elements 
will usually increase. Here, the correlation between antenna elements in an antenna cluster is 












































modeled using the simple exponential model If2^ . 


Pij = a 


(4) 


where dij is the distanee between the i\h and jth pair of x-pol antennas and 0 < a < 1. The 
^ X ^ transmit correlation matrix, Rt, for each antenna cluster is modeled by the Kronecker 
structure, 
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where Xpoi is the 2x2 x-pol antenna matrix given by 
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( 6 ) 


with Tpoi denoting the correlation between the two antenna elements in the x-pol pair. A fixed size 
array is considered, where the x-pol antennas are positioned in a square shaped configuration. 


III. SINK Analysis 

A. Preliminaries 

We begin by outlining several mathematical results which will be used in the subsequent 
sections. 

1 

1) Denote the Ah column of G as g* = P,^Uj, where u* G contains independent 

1 

CAf(0, 1) elements. Note that the M x M matrix contains both the link gain coefficients and 
spatial correlation effects. Since, in ([3]), E is statistically identitical to G, we can write 


E [e:e[] = E [g*g[] 
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( 8 ) 














( 9 ) 




= Pi 




where e* is the ith eolumn of E. 

2) Using the eigen-deeomposition of the transmit eorrelation matrix, Rt, we have from dH) 
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( 10 ) 


( 11 ) 


( 12 ) 


where A is the diagonal matrix of eigenvalues of Rt and -0 is unitary. Similarly, Qj is a diagonal 
matrix containing the eigenvalues of Pj and 0 is unitary. Note that 0 is fixed for all P*, as it 
only depends on Rt, which we assume to be the same at each antenna cluster. 

3) For V e with independent CAf{0, 1) elements, and, for an arbitrary Pj we show in 

Appendix that 


lim E 

K^oo 




(13) 


where A is the average of Pu, Ai, • • •, f^Ni- 


B. MF Precoding 

Having outlined the prerequisite mathematical results, we now derive the limiting SINK 
expressions for MF precoding with large distributed antenna arrays. 

The transmitted signal for a MF precoder, with CSI inaccuracy, is given by 


s = ^G*q, 


( 14 ) 














with E [||q||^] = 1, where q is the Kxl data symbol veetor, and the average power is normalized 
by 


tr(G'rG*^ 
li 


7 = 


(15) 


The eombined reeeived signal for all users is thus given by 


— G G q + w, 

with the ith user reeeiving the i\h eomponent of x, given by 


Pf T/^* I 


(16) 


(17) 


The expeeted value of the power of the ith users reeeived signal in (fTTI) ean be shown to be (see 
Appendix |B]) 


E [Psig,i] = E 
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(18) 

(19) 


where g* is the ith eolumn of G. Likewise, the expeeted value of the interference and noise 
power of the i\h user’s received signal is (see Appendix O 
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Combining (fT9l) and (|2T]) . the expected MF SINK for the ith user is given by lf27ll 


( 20 ) 

( 21 ) 
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( 22 ) 













We wish to study the asymptotie behaviour of (l22l) given by 
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1 . 

In the numerator, sinee gj has the same statisties as g*, we ean write gj = where the 

1 1 . 

elements of Vj are i.i.d. CJ\f{0, 1). Henee, g^g* = vJPfPfv* = vJPjV*. Then, using (fTSl) . we 
have 


N 




(24) 


n=l 


Similarly, g^Pjg* = vJP^^v* and a simple extension of (fT3l) gives 
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where Pf is the average of /Sfj, /9|j,..., P%i and is the limiting average of 
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(30) 


where P is the limiting average of the Pn,k values over n and k. Sinee the limit in (l26l) is 
finite and 2^ 0 as K ^ oo, the final limit term in the numerator of (1231) approaehes zero. 

Therefore, the asymptotie limit of the numerator of (l23l) is given as 
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Likewise, we examine the denominator of (|2^ as iL —)■ oo. It is shown in Appendix iDl that 




(32) 


k=l^k^i 

where f^ik is the limiting average eross produet of the 2 th user’s link gains with all the other 
users’ link gains. Also in Appendix |E] it is shown that 
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Therefore, the asymptotie limit of the denominator of (l23l) is given as 
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(35) 


Substituting (l3TI) and (l35l) into (l23l) gives the limit of the expeeted per-user MF SINK expression 
as 

lim SINRi = (36) 

f3 + pff3,kA^' 


where the noise power is normalized to 1. 

From (|3^ . we ean examine the effeets of eaeh eomponent on the SINK limit. The transmit 
SNR, pf, boosts the signal power but also the interference power leading to a ceiling on the 
SINR limit, as SINRj —)■ as iT oo, pf ^ oo. The ratio, a, increases the SINR due to 

increased diversity. The CSI factor, decreases the signal power but the extra interference created 
by imperfect CSI disappears in the limit due to averaging. A^ reduces the SINR and implies 
that correlation reduces SINR. To see this, consider the extreme cases of an i.i.d. channel (Rt = 
A = = 1m/n) and a fully correlated channel (Rt = 1m/n, A = diag{M/N, 0, 0,..., 0), A^ = 

diag((M/A^)^, 0, 0,..., 0)), where 1m/n is an M/N x M/N matrix of ones. These scenarios 
give A^ = 1 and A^ = M/N, respectively. Clearly, the A^ term increases with correlation and 
reduces the SINR limit. (3 reduces performance as it is a measure of the total power of the 











received signals which includes the aggregate interference. (3ik reduces performance as it is an 
inverse measure of orthogonality. If the desired user i has strong links on the antennas in a 
set of clusters A C {l,2,...,iV} and all the interferers have weak link gains in A then the 
“cross product” term (3ik is weak. Here, the channels are close to orthogonal (on average) and 
performance is enhanced. 

Note that in (1^ . we have presented a per-user limiting value which can be evaluated for a 
particular link gain model. As an example, we evaluate the per-user SINK using the limiting 
link gain model described in Section III-B[ Without loss of generality, we consider the co-located 
{N = 1) BS case where the link gain profile is decaying (exponentially). Thus, evaluating the 
terms in (1^ . we have 
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where (l42l) follows from standard methods. Also, 
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Hence, for any limiting link gain model, the exact limit in 
Finally, we can consider several special cases of 
1) Perfect CSI: 

lim SINK, = 


can be evaluated. 




K^oo 


f3 + pfAfc 


2) No Spatial Correlation: 

lim SINRi = 

P + PfAfc 

3) Equal Power Distribution with Spatial Correlation: 

lim SINRi = 

K^oo 1 + pf/3A2 

Here, the link gain for all users from all clusters is a constant, (3. 

4) No Spatial Correlation, Equal Power Distribution: 

r CTXTT. 

hm SINRj = —- 

K^oo 1 + pfj3 

5) No Spatial Correlation, Equal Power Distribution, Perfect CSI: 

lim SINRi = 

K—^og 1 -)- PfjS 
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(50) 


(51) 


Note that (l50l) and (l5TI) agree with the results given in |l2l when /3 = 1. 


IV. Numerical Results 

A. Simulation Parameters 

In Section IIV-BI we illustrate the convergence of the mean per-user SINR to its limiting 
expression, for iV = 1 and 2 BSs, using the limiting link gain model described in Section III-Bl 
In Sections IIV-CI and IIV-D[ the uncorrelated and correlated performance of MF precoding is 
shown for N e {1, 2, 5} BSs, using the statistical link gain model described below. 
















For the limiting link gain model, values of Pf/Smax = 25 dB and Pf/Smin = — 5 dB, where 
Pf = 10 dB, are arbitrarily ehosen. For all simulations after Seetion lTV-B[ the statistieal link gain 
model is used. We ealeulate the path-loss between eaeh user and the BSs using ALd~'^, where 
L is log-normal shadowing and d is the link distanee. The shadow fading standard deviation is 
a = 8 dB, the path-loss exponent is 7 = 4 and the link distanee is 50 < d < 1000 m, unless 
otherwise stated. A is used as an offset, sueh that the maximum link gain generated from the 
statistieal link gain model aligns with that of the maximum limiting link gain model value, i.e., 

A _ /^max _ 

max(Ld“^) * 

For simulations involving a single, eo-loeated, antenna eluster, we position the BS in the 
eenter of the eoverage region, whereas, in simulations eonsidering N > 2 BSs, the antenna 
elusters are positioned equidistant on the periphery of the eoverage region. The exponential 
model eorrelation parameter in dH) is arbitrarily ehosen to be a = 4 (another value eould be 
ehosen). The eorrelation matrix, given in ([5]), is ealeulated using a earrier frequeney of 2.6 GHz 
and a 1 X 1 m square antenna array, with the antenna eorrelation between two elements in the 
same x-pol eonfiguration, rpoi = 0.1. All results are simulated with a = ^ = 10 and pf = 10 
dB. 

B. Convergence ofN = l and 2 BSs 

We begin by illustrating the eonvergenee of mean per-user SINK to the eorresponding limiting 
value, for = 1 and N = 2 BSs, where we use the limiting link gain model, outlined in Seetion 

HEE 

Figures [2l and [3] show the eonvergenee of mean per-user SINK (i.e., averaged over all users), 
given in (l22l) . to its mean per-user limiting value, (|3^ . for one and two BSs respeetively. Note 
that the points are the instantaneous SINRs averaged aeross the K users and over the fast fading. 
The bars above and below the points represent the plus/minus one standard deviation limits of 
the instantaneous SINRs averaged over the users. As the width of the error bars deereases with 
K, we see that the instantaneous SINRs eonverge to the limit in addition to the expeeted SINR 
(over fast fading). In eomparing the two figures, we observe that the additional BS has almost 
no effeet on both the rate of eonvergenee and mean per-user SINR for large systems. This is due 
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Fig. 2. Instantaneous and limiting MF SINR as a function of the number of users, K, for a co-located antenna cluster, = 1, 
with no transmit spatial correlation, = 1. 
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Fig. 3. Instantaneous and limiting MF SINR as a function of the number of users, K, for two antenna clusters, N = 2, each 
with no transmit spatial correlation, = 1. 


to the fact that f3ik in the limiting SINR expression, (l3^ . tends to be small compared to jS. In 
both cases the mean per-user SINR has effectively reached its limiting value, of approximately 
10 dB for perfect CSI, for a system of size K = 100 single antenna users, i.e., 1000 total BS 
antennas. The effect of BS numbers on both mean per-user SINR and rate of convergence is 











































explored more thoroughly for a larger number of BSs in later results. It ean also be seen that the 
reduetion in CSI results in a deerease in the mean limiting per-user SINK of about 2 dB in both 
oases. This is due to the linear relationship between CSI imperfeotions and limiting per-user 
SINK, shown in (l3^ . 

Given the results in Figure [3l we eonelude that rate of oonvergenoe and performanee of both 
the limiting and simulated mean per-user SINK is largely independent of the link gain profile 
used, outlined in Seotion III-Bl used to generate the users’ link gains. For larger numbers of 
antennas, the profiles have little effeot and this is eonsistent with the faot that with MF, the 
aggregate interferenoe is the dominant faotor. 

C. Uncorrelated MF SINK Performance 
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Fig. 4. Instantaneous MF SINR error % CDF as a function of the number of users, K, and antenna clusters, N. Here, we have 
perfect CSI, ^ = 1, and no transmit spatial correlation. 


We now illustrate the uneorrelated performanee of MF preeoders, where the statistieal link gain 
model is used to generate users’ link gains is used. In Figures |4ll9] we eompute the instantaneous 
SINRs averaged over the K users for many independent drops. Note that eaeh drop has a 
different set of link gains and therefore a different limiting SINR. In Figure S] we show how 
quiekly the mean per-user SINR eonverges towards its mean per-user limiting value for different 





















































size systems in an uncorrelated scenario. The virtual limit is computed by simulating a system 
size of M = 1400 BS antennas. We define: Error % = 


lim SINR-SINR 

K—¥oo 


SINR 


X 100, where lim SINR 

K^oo 


is the mean per-user SINR limit and SINR is the mean per-user SINR. We plot the Error % 
cumulative distribution function (CDF) for small, medium and large sized systems, corresponding 
to = 20, 60 and 100 single antenna users respectively. In each case of an increasing step in 
system size, by K = 40, it can be seen that the change in Error % is reduced, e.g., for the median 
value for N = 5 BSs, the error decreases by 30 — 12 = 18% as we increase the system from 
small to medium size, whereas, the error decreases by 12 — 8 = 4% from increasing the 
system size from = 60 to 100 users. This decaying rate of the rate of convergence effect is 
also seen in Figures [2] and [3l 



Fig. 5. Instantaneous MF SINR CDF as a function of the shadowing variance, a, for K = 60 and N = 5. Here, we have 
perfect CSI, ^ = 1, and no transmit spatial correlation. 


In Figure [51 we illustrate the impact of changing shadowing variance on the mean per-user 
SINR. A greater shadow variance is shown to produce larger SINR values and a greater SINR 
range, resulting from the increased variability in path-loss, as seen in the tails of each CDF. For 
example, the CDF with a shadowing variance of a = 10 has a range of SINRs from 18 — 9 = 9 
dB, in comparison to 13 — 9 = 4 dB for a = 6. 

In Figure [6l we show how both CSI imperfections and BS numbers impact the CDF of mean 
































































Fig. 6. Instantaneous MF SINR CDF as a function of CSI imperfections, and antenna clusters numbers, N. Here, we have 
K = 100, and no transmit spatial correlation. 

per-user SINR in an uncorrelated scenario. The single antenna cluster case outperforms the five 
BS ease at a median value of ~ 0.2 dB and 1 dB for perfeet and imperfeet transmitter ehannel 
knowledge respeetively. The reason behind the eo-loeated antenna array dominanee is due to the 
underlying eell eonfiguration used in simulation, deseribed in Section IIV-AI For instance, for 
the N = 5 ease, if a user is elose to a BS then it is reeeiving a strong signal from 200 antennas. 
Whereas, if a user is close to the BS in the = 1 seenario, it is reeeiving a strong signal 
from 1000 antennas, i.e., roughly speaking, the user is being served by an extra 800 degrees of 
freedom in the N = 1 seenario. This is exemplified in the shape of the CDFs, where there is a 
large tail, at high SNR, for the eo-loeated BS CDF Furthermore, we notiee that the larger BS 
eases do not perform better at low SNR, as we would expeet. This is a result of the CDFs being 
a mean of SINR across all users, rather than a single users CDF Thus, we present a single-user 
uneorrelated SINR CDF, in Figure |71 for eomparison. 

In Figure |7] we illustrate the MF SINR CDF for the single-user ease. It ean be seen that for 
low SNR, a larger number of BSs provides much better coverage, inereasing SINR signifieantly. 
Despite the signifieant differences in the N = 1 and N = 2 ease, there are smaller gains seen 
in increasing BS numbers from = 2 to = 5. 














Fig. 7. Single-user MF SINK CDF as a function of CSI imperfections, and antenna clusters numbers, N. Flere, we have 
K — 100, and no transmit spatial correlation. 


D. Correlated MF SINK Performance 

In this section, as with the uncorrelated MF SINK performance simulations in Section IIV-CI 
the statistical link gain model is used to generate the link gains for a scenario with spatial 
correlation. 



Fig. 8. Spatially correlated instantaneous MF SINR error % CDF as a function of the number of users, K, and antenna clusters, 
N. Here, we have perfect CSI, C — 1- 






























































































In Figure [H we show the rate at whieh the mean per-user SINK approaehes its limit in a 
eorrelated seenario, as a funetion of system size. As with the uneorrelated ease, we eonsider 
three system sizes. It is elear that for a larger number of BSs, the mean SINK eonverges towards 
its limit mueh quieker than for a smaller number of BSs. The slower rate of eonvergenee is due 
to the additional faetor, A^, in the pieeewise eonvergenee of (l22l) to (1^ . arising due to spatial 
eorrelation. In eontrast with the uneorrelated error CDF, in Figure IH it is seen that eorrelation 
reduees the rate of eonvergenee greatly for both oases for BS numbers. For example, the median 
Error % value for a medium sized system with a single antenna oluster is seen to inorease by 
approximately 64 — 14 = 50% when spatial eorrelation is introduoed. On the other hand, the 
same seenario for 5 antenna olusters, the impaot of spatial eorrelation is shown to inerease the 
Error % by approximately 25 — 13 = 12%. Thus, we see a large improvement in mitigating the 
impaot of spatial eorrelation, on the rate of eonvergenee, by distributing the antennas. 



Fig. 9. Spatially correlated instantaneous MF SINR CDF as a function of CSI imperfections, and antenna clusters numbers, 
N. Here, we have K — 100. 


In Figure HI we show the impaot of CSI imperfeotions and BS numbers on mean per-user 
SINR for a seenario with spatial eorrelation at the transmitter. As with the rate of eonvergenee, 
when spatial eorrelation is present, we see a vast improvement in performanee as we distribute 
the BS antennas into multiple olusters. This is more olearly seen by oomparing the eorrelated 









and uncorrelated mean per-user SINK performanees, given in Figures |9] and respectively. In 
an uneorrelated scenario with CSI imperfeetions of ^ = 0.8, the impact of increasing the BS 
numbers from 1 to 5 results in a loss of ~ 10.7 — 9.4 = 1.3 dB mean per-user SINK. Whereas, 
in a eorrelated seenario, we instead see a gain of ~ 8 — (—4) = 12 dB. Again, this is a result 
of Is? in the denominator of (l3^ . whieh has a signifieantly negative effeet when all antennas 
are co-located. To further quantify this effect, in Table U we tabulate I? for different numbers 
of BSs, N, and rpoj values. 



^pol 

N 

0.1 

0.2 

0.3 

0.4 

0.5 

1 

28.71 

29.57 

30.99 

32.98 

35.54 

2 

13.95 

14.36 

15.05 

16.02 

17.26 

5 

1.42 

1.46 

1.53 

1.63 

1.75 

10 

1.17 

1.21 

1.26 

1.34 

1.47 


_ TABLE I 

A2 VALUES AS A FUNCTION OF N AND Tpol 


Table U shows that, for all values of rpoi, we see huge improvements in the reduetion of 
as we inerease the number of BSs. 


V. Conclusion 

In this paper, we have analyzed both the rate of eonvergenee and the performanee of a 
MF precoder in a massive MIMO system. We have presented a method to derive MF SINK 
for seenarios ineluding: unequal link gains, imperfect CSI, transmitter spatial correlation and 
distributed BSs. From this, we have derived limiting expressions, as the number of antennas 
grow without bound, while eonsidering several speeial eases. 

Results have shown that both the rate of eonvergenee and preeoder performanee is largely 
dependent on the spatial correlation. In the presenee of spatial correlation, distributing of the 
antennas into multiple clusters renders signifieant gains over a eo-located scenario. In uneorre- 
lated scenarios, a eo-located antenna eluster has a better mean per-user SINK performance due 
to users being served by a greater number of antennas, when elose to a BS. 
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Appendix A 

Derivation of Premliminary Result 3 


Using (fT0l)-(fT^. we have 
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where v = (pv G has i.i.d. CAA(0,1) elements, Qi^mm is the (m,m)th element of Qj, Vm 

is the mth element of v, and /?, is the average of /Sii,/S 2 i, • • •, l3Ni- Note that (1551) holds by a 
version of the law of large numbers for non-identieal variables, using E [|umP] = 1- 

Appendix B 

Derivation of MF Signal Power 
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where (l6^ is obtained using dH). 
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Appendix C 

Derivation of MF Interference and Noise Power 
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Appendix D 


Using gfc = PfcVfc, Pfe = 0^Qfc0* and = (/)Vfc gives 
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where (17^ and (1741) hold from the law of large numbers for non-identieal variables. Hence, 
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Appendix E 
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Using gfc = PfcVfc, Pfe = cj)'^Qk(l>* and gives 
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Note that (l80l) holds by the law of large numbers for non-identieal variables and Is? is the limiting 
average of the diagonal elements of A^. 













